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Abstract
The present study investigates the inﬂuence of three-dimensional aerodynamic eﬀects on a wind turbine rotor blade with trailing
edge ﬂap by means of CFD. Diﬀerent ﬂap extensions in chord and radial direction have been analyzed on the DTU 10 MW rotor
blade with a ﬂap centered at 75% radius and for steady deﬂection angles of +/-10◦. The comparison to 2D airfoil simulations at mid
ﬂap position shows that vortices which develop at the ﬂap edges have a signiﬁcant inﬂuence on the aerodynamic characteristics.
They reduce the lift increase or decrease caused by the ﬂap deployment and thus the ﬂap eﬀectiveness. Reductions up to 35 %
lift variation have been found in the the present study which conﬁrms the necessity to consider these 3D eﬀects in the ﬂap design
process.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of SINTEF Energi AS.
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1. Introduction
Wind turbines are operating in a highly unsteady ﬂow environment which causes dynamic load ﬂuctuations relevant
to the overall wind turbine design. Fatigue loads play an important role in the aeroelastic rotor development and
contribute signiﬁcantly to the turbine costs as blade loads cascade down through the entire turbine system. A reduction
of fatigue loads can thus have a positive inﬂuence on the rotor weight, costs and system reliability or allow a further
increase of the rotor diameter. Active trailing edge ﬂaps (ATEFs) represent a very promising approach for the reduction
of fatigue and also ultimate loads. By adapting the deﬂection angle it is possible to adjust to the current inﬂow situation
and reduce load ﬂuctuations.
Four main sources can be determined for changes in the inﬂow velocity: tower shadow, wind shear, wind turbulence
and yaw or tilt misalignment. All of these incidents lead to a variation in the angle of attack and ﬂow velocity at the
rotor blades. This in turn results in the produced lift and loads. ATEFs can counter this eﬀect as they are able to
increase or decrease airfoil lift for a given angle of attack. The attempt is therefore to keep lift constant by adapting
the ﬂap to the current wind conditions.
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Over the last years several studies showed the potential of the ﬂap concept based on aeroelastic simulations with
diﬀerent control approaches. A comparison between several studies performed on the NREL 5 MW turbine is given
by Barlas in [1] and provides a good impression of the expected load attenuation on a large wind turbine. It opposes
the ﬂap geometry as extension along the blade span and chord, the deﬂection angle and the simulated wind conditions
to the expected reduction of fatigue loads in blade root bending moment. Although diﬀerent ﬂap control algorithms
have been used, the results are comparable in general manner. Reductions up to roughly 30 % have been found for
a trailing edge ﬂap of 10 % chord, 20 to 25 % blade span and +/- 10◦ deﬂection angle maximum. In 2011, a full
scale test performed on a Vestas V27 turbine [2] underlined the results of the numerical studies. Although only a
limited ﬂap extension of 5 % blade span could be used, a load reduction of 14 % in the ﬂapwise blade root fatigue
was observed.
Nearly all studies referenced in the comparison by Barlas were made on the basis of blade element methods as
aerodynamic model. In most cases engineering extensions are applied to account for the unsteady 3D aerodynamics.
Only Riziotis [3] used a viscous-inviscid model for a more accurate capture of the ﬂow physics with regard to three-
dimensionality, unsteadiness and also wake eﬀects. With regard to CFD (Computational Fluid Dynamics), several
studies have been performed on 2D airfoil sections with deﬂected ﬂap as for example presented in the publications by
Heinz [4] or Wolﬀ [5]. Probably due to the great computational eﬀort only very few investigations are analyzing the
fully meshed rotor blade (e.g. [6], [7]). The ﬂow over a deﬂected ﬂap is however highly complex and the combination
with the rotating environment of a wind turbine blade increases intricacy even more. It is necessary to also apply these
higher ﬁdelity methods in order to gain knowledge of the viscous and unsteady three-dimensional aerodynamics. The
main objective of the present study is thus to investigate the inﬂuence of these eﬀects on the performance of morphing
trailing edge ﬂaps by means of CFD.
A qualitative illustration of the vortex development around a rotor blade with deﬂected ﬂap can be given on the
basis of potential ﬂow theory. Figure 1 shows the vortex system with positive (downwards) ﬂap deﬂection. Due to
the gradient of bound circulation along the blade span, a vortex sheet is shed into the wake. In the ﬂap section the
bound circulation is locally increased due to the change in camber. This leads to higher gradients at the ﬂap edges and
as a consequence stronger vortices appear there. Outboard at the blade tip, the tip vortex is shown which can also be
explained by the high circulation gradient at this location.
Fig. 1. Vortex development around a rotor blade with positive (downwards) deﬂected ﬂap
This shed vortex system re-induces velocities along the entire rotor blade causing changed aerodynamic character-
istics compared to the two-dimensional case. Generally, the eﬀect of ﬂap deployment on local lift is reduced in 3D.
A positive deﬂection for example causes a downwash in the ﬂap section which decreases the local angle of attack and
thus lift increase. In case of negative deﬂection the eﬀect reverses.
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2. Numerical setup
2.1. Simulation process chain
In the present investigation the process chain for the simulation of wind turbines which has been evolved at the
Institute of Aerodynamics and Gas Dynamics (IAG), University of Stuttgart [8], is used. The main part constitutes the
CFD code FLOWer, which was developed by the German Aerospace Center (DLR) [9].
FLOWer is a compressible code that solves the three-dimensional, Reynolds-averaged Navier-Stokes equations in
integral form. The numerical scheme is based on a ﬁnite-volume formulation for block-structured grids. To determine
the convective ﬂuxes, a second order central discretization with artiﬁcial damping is used, also called the Jameson-
Schmidt-Turkel (JST) method. Time integration is accomplished by an explicit multi-stage scheme including local
time-stepping. Time-accurate simulations make use of the Dual-time-stepping method as an implicit scheme. To close
the Navier Stokes equation system, several state-of-the-art turbulence models can be applied as for example the SST
model by Menter applied in this study. There are two main code features for the simulation of wind turbines. The
ROT module for moving and rotating reference frames in combination with the CHIMERA technique for overlapping
meshes allows body motions relative to each other in time-accurate simulations.
Grid generation is widely automated. The generation of the blade grid is conducted with Automesh, a script which
was developed at the IAG for the commercial grid generator Gridgen by Pointwise. The blade grids are of C-type with
a tip block and coning towards the blade root. Depending on the simulation purpose, the blade grid is embedded into
diﬀerent background grids. In case of pure rotor simulations as used for the present investigation, a 120◦-model with
periodic boundary conditions is employed.
On the post-processing side, several scripts are available for the analyses of the simulation results. Loads are
determined through the integration of pressure and friction distribution over the blade surface. Radial distributions
along the blade span are generated similarly dividing the blade into diﬀerent sections. The extraction of the angle of
attack from the 3D simulations is conducted based on the reduced axial velocity method described in [10] and [11].
As this method averages the axial velocity for speciﬁc radial positions upstream and downstream of the rotor plane, it
is only applicable for steady state simulations.
2.2. Grid generation
The simulation grids of the present study were generated on the basis of the grids used in [12] and [13]. In [12]
a simulation of the power curve of the DTU 10 MW rotor [14] was performed in order to conduct a code-to-code
validation with the AVATAR project partners. The stiﬀ straight blade without precone was simulated in 120◦-model
with periodic boundary conditions in steady mode. The FLOWer setup consisted of four separate grids for blade,
spinner, nacelle and background. A grid convergence study was performed and a total of 15.24 million cells were
used in the ﬁnal conﬁguration. The FLOWer simulations showed a good accordance with results obtained with
EllipSys3D by DTU and with MapFlow by NTUA. A detailed analysis with special focus on the comparison of
steady and unsteady simulations is performed in [15].
In [13] the setup was then modiﬁed to allow the simulation of trailing edge ﬂaps on the rotor blade. The blade
grid was exchanged and additionally a higher resolved background grid was used to accurately capture wake eﬀects.
In the blade grid the amount of chordwise nodes was increased to 233 in order to account for stronger gradients in
pressure and friction caused by ﬂap deployment. Along the blade span 157 grid nodes were employed as the ﬂap
egde reﬁnements had to be included in the grid. At these locations the spacing was set to a maximum of 0.05m. Y+
was chosen below 1 with 37 boundary layer cells in wall-normal direction. Table 1 summarizes the ﬁnal size of the
simulation setup.
Table 1. Grid cells in the 120◦-model with trailing edge ﬂap
Blade grid Spinner grid Nacelle grid Background grid Total amount of cells
7.39e6 1.39e6 1.45e6 10.65e6 20.88e6
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2.3. Trailing edge ﬂap model
The trailing edge ﬂap is modeled based on grid deformation in FLOWer. For this purpose the deformation module
[16] was extended by a polynomial function to describe the shape of the deﬂected ﬂap. In this study the deﬂection
function, which is also used within the AVATAR project [17], was applied.
dyFlap = b · tan(β) ·
(
x − (c − b)
b
)2
·
(
1.5 − x − (c − b)
2b
)
(1)
In equation (1) c represents the local chord length, b the local ﬂap extension, β the deﬂection angle and (x, y) the
position of the regarded grid node. The use of this function requires the chord to be aligned with the x-axis. The
result dyFlap is the translation of the grid node normal to the chord direction. The translation in chord direction due to
the deformation is neglected. In the following ﬁgures 2 and 3 the deformation is shown for a 2D airfoil section. The
un-deformed and deformed airfoil surfaces serve as input to the grid deformation algorithm, which then computes the
new simulation grid at each time step.
Fig. 2. Un-deformed and deformed airfoil surface (FFA-w3-241) Fig. 3. Deformed airfoil grid (FFA-w3-241)
The methodology for three-dimensional simulations is shown in ﬁgure 4. There is no separate grid for the ﬂap part
as it is integrated into the main blade grid. The connection between the moving trailing edge ﬂap and the remaining
rotor is handled by the deformation algorithm which generates a smooth transition. At the location of the ﬂap edges
the blade grid is reﬁned along the blade span in order to capture radial gradients in the ﬂow ﬁeld.
Fig. 4. Methodology for 3D deﬂection
3. Results
In the present study only steady ﬂap deﬂections are regarded in order to investigate three-dimensional eﬀects in
the vicinity of the ﬂap. All simulation cases were started with steady state computation for an initial convergence.
Two Multi-Grid levels were used to accelerate the process. 8000 iterations were performed on the second and ﬁrst
level respectively. The steady state solution was then restarted in unsteady mode and computed for one revolution
with a time step corresponding to 1◦ azimuth to achieve converged loads on the rotor blade. The evaluation has been
performed on the second half revolution and the results are averaged over this period.
Two diﬀerent chord extensions, 10% and 30 %, were combined with two diﬀerent extensions along the blade span,
10% and 20 %. In each case the ﬂap is centered at 75% of the blade radius which corresponds to 66.86 m. This allows
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a direct comparison of the mid ﬂap position. The pitch angle of blade is set to 10.96◦ and the rotational velocity to 9.6
rpm as it is provided in the speciﬁcations of the steady power curve. Figure 5 shows a comparison of the two diﬀerent
chord extensions for 20% blade span to get an impression of the ﬂap size. With the small chord extension only a very
limited part of the blade can be adapted.
(a) 10% chord extension (b) 30 % chord extension
Fig. 5. Comparison of the blade surface for 20% blade span extension
At ﬁrst radial distributions of thrust and driving force will be compared for +/-10◦ deﬂection angle. Figure 6
shows thrust over the blade radius starting from 35 m. As baseline a case with 0◦ ﬂap angle is plotted additionally.
The comparison between the diﬀerent dimensions along the blade span shows the signiﬁcant inﬂuence of the three-
dimensional eﬀects on the results. In the cases with 10% span extension smaller increases or decreases of thrust
are seen in the mid ﬂap position compared the 20% blade span ﬂap. A similar behavior is observed in the driving
force shown in ﬁgure 7. The reason for this can be found in the ﬂap edge vortices. In case of the smaller spanwise
extent they have a considerably higher impact as the distance of the ﬂap mid position to the vortex center is smaller.
According to the Biot-Savart law the induced velocity is dependent on this distance to the power of two. The eﬀect is
rising with the chord extension as due to the higher gradient in bound circulation stronger vortices appear.
Fig. 6. Radial thrust +/-10◦ deﬂection
The comparison of the 10% to the 30% chord extension shows the expected increase of the variation at mid ﬂap
position. But although the ﬂap size was increased by a factor of three, radial thrust changed only by a factor of
approximately 1.88 for +10◦ and 1.98 for -10◦. It is therefore questionable whether the more signiﬁcant modiﬁcation
of the blade structure, which is needed for the larger chord extension, is justiﬁed.
Especially in the distribution of the driving force it can be seen that the impact outside of the ﬂap section is more
pronounced for the 30% chord extension. Due to the stronger vortices a larger blade area is inﬂuenced by the induced
velocities. Another remarkable eﬀect in the driving force are the distinct peaks in the curves at the location of the ﬂap
edges. These are in particular seen for positive deﬂections, however they also occur in case of negative ﬂap angles but
are not as apparent. The reason for this eﬀect can be found in the change of sign for the induced velocity over the ﬂap
edge.
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Fig. 7. Radial driving force +/-10◦ deﬂection
In order to further study 3D eﬀects the angle of attack and the aerodynamic coeﬃcients cl and cd were extracted
from the 3D CFD simulations and are summarized in table 2 for the mid ﬂap position. The simulation without ﬂap
is opposed to the simulations with ﬂap for the diﬀerent ﬂap conﬁgurations. At ﬁrst, +10◦ deﬂection angle for 10%
chord extension will be elucidated. Compared to the simulation without ﬂap the angle of attack is decreased which
is reasonable as the ﬂap edge vortices induce a downwind at mid ﬂap position. However, the smaller radial extension
which is characterized by stronger 3D inﬂuence shows unexpectedly a higher angle of attack as the larger radial
extension. The reason for this phenomenon can be explained by an equilibrium state between lift increase and 3D
eﬀects. In the regarded case 3D eﬀects reduce the angle of attack and thus also lift. Lift in turn determines the
magnitude of bound circulation and its’ radial gradient, which again leads to the 3D eﬀects. Similar observations are
made in all cases. The development of lift in the diﬀerent cases is reasonable. For positive and negative deﬂections
the change in lift compared to 0◦ ﬂap angle is greater for the 20% blade span extension. As drag is very sensitive to
the angle of attack which is subject to modeling for the 3D cases, it will not be analyzed in detail within this work but
is displayed for completeness.
Table 2. Aerodynamic coeﬃcients 3D
No ﬂap β = 10◦, 20% blade span β = 10◦, 10% blade span β = −10◦, 20% blade span β = −10◦, 10% blade span
10%chord 30%chord 10%chord 30%chord 10%chord 30%chord 10%chord 30%chord
α 1.13 0.56 -0.01 0.62 0.11 1.73 2.26 1.65 2.09
Cl 0.488 0.788 1.05 0.751 0.979 0.139 -0.216 0.183 -0.11
ΔCl, β=0 - 0.3 0.562 0.263 0.491 -0.349 -0.704 -0.305 -0.598
Cd 0.99e-2 1.34e-2 1.95e-2 1.72e-2 2.8e-2 0.89e-2 1.12e-2 0.79e-2 1.2e-2
In the following the 3D results will be compared to 2D airfoil simulations at conditions extracted from the 3D case
without ﬂap deﬂection. According to table 2 the angle of attack for this case was determined to 1.134◦. The Reynolds
number was speciﬁed to 15.6e6 and the Mach number to 0.2 respectively. The computed aerodynamic coeﬃcients for
the diﬀerent 2D simulations are listed in table 3.
Table 3. Aerodynamic coeﬃcients 2D (FFA-w3-241, α = 1.134◦) and comparison to 3D
No ﬂap β = 10◦ β = −10◦
10% chord 30% chord 10% chord 30% chord
Cl 0.483 0.859 1.198 0.02 -0.435
ΔCl, β=0 - 0.376 0.715 -0.463 -0.918
Cd 1.05e-2 1.31e-2 1.85e-2 0.96e-2 1.03e-2
ΔCl, 3D,10%span/ΔCl, 2D - 70% 69% 65% 65%
ΔCl, 3D,20%span/ΔCl, 2D - 80% 79% 75% 77%
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In the case without ﬂap a good accordance of the 2D and 3D cl is observed with a diﬀerence of only 1%, which
conﬁrms the accuracy of the angle of attack extraction. Drag is more sensitive and shows a diﬀerence of 6%. A direct
comparison between 2D and 3D simulations with regard to drag is therefore not meaningful as the angle of attack is
additionally varying in the 3D cases due to the diﬀerent rotor inductions. Lift and pressure distributions can however
be well compared. As expected the cl variations caused by the ﬂap deployment are higher in the 2D case. For the
10% blade span only 65 to 70% of the value in the 2D case are achieved. No major diﬀerence between the negative
and positive deﬂection is observed for the investigated turbine. This is however strongly related to the geometry of
the baseline airfoil. Remarkable is that the degree of cl reduction seems to be almost independent from the chord
extension as it can be observed in the comparison of cl decreases.
In ﬁgure 8 pressure distributions are compared for the diﬀerent deﬂections and chord extensions. The displayed
plots are well in line with the results for the aerodynamic coeﬃcients. Notable is that in the 30% chord extension case
with +10◦ deﬂection ﬂow separation is observed on the suction side close to the trailing edge and on the pressure side
in the well at 70% chord. The inﬂuence is more distinct in the 2D results, but generally all curves in the plot show the
inﬂuence. In the 3D curves the eﬀect is damped by the decrease of the eﬀective angle of attack.
(a) 10% chord extension, beta=-10◦ (b) 30% chord extension, beta=-10◦
(c) 10% chord extension, beta=10◦ (d) 30% chord extension, beta=10◦
Fig. 8. Comparison of cp distributions at mid ﬂap position (75% blade radius, FFA-w3-241)
(a) Sectional thrust (b) Sectional driving force
Fig. 9. Comparison of diﬀerent ﬂap angles and chord extensions - 20% blade span extension
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Figure 9 displays a comparison of diﬀerent chord extensions and ﬂap angles for 20% extent along the blade span.
Radial thrust and driving force show that by choosing the 30% chord extension the deﬂection angle can be reduced to
below 5◦ for achieving the same loads. The plot also demonstrates again that the inﬂuence of the chord extension on
the 3D eﬀects is minor as no signiﬁcant diﬀerence in the progression of the diﬀerent curves can be observed.
4. Conclusion
In the present study the high inﬂuence of three-dimensional eﬀects on trailing edge ﬂaps is shown. The ﬂap
deﬂection and the corresponding change of aerodynamic coeﬃcients causes strong gradients in bound circulation
along the blade span resulting in a vortex-downwash at the ﬂap edges. These vortices reduce the ﬂap eﬀectiveness
with regard to the two-dimensional airfoil case. Generally the eﬀect increases with a smaller radial ﬂap size as seen
in the comparison of the lift increase or decrease between the 2D and 3D case. Consequently with regard to the ﬂap
design, a larger extension along the blade span is favorable. Flow separation becomes more and more important at
higher chord extensions.
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